Introduction
Photosynthesis shows an enhancement when the value of the function E=(P12 -P2)/P I exceeds 1.0. Here p1 is the rate of O, evolution in monochromatic far-red light, p2 the rate in monochromatic light of shorter waves, and P12 the rate in both beams given simultaneously. Stated differently, simultaneous illumination can yield an extra rate D = (h12 -Pl-P2)II in excess of the sum of the rates in the separate beams.
The nature of the dependence of enhancement on far-red and short-wave illuminations, i.e., the nature of the functions E (II, I,) and D (Ii, I'), is of interest, on the one hand, for choosing optimum illuminations for subsequent studies and, on the other hand, for clarifying the essential nature an(d mechanism of the phenomenon. In previous studies, the properties of these 2 functions have not been entirely resolved.
The qualitative character of E (Il, I2) is only partly known. The dependence of E on short-wave illumination, with fixed far-red illumination, is relatively wvell established (1, 2, 3, 4) : E increases with I2 until P2 is several-fold greater than p1. As L, increases further, E renmains constant or (leclines gradually. In contrast, the dependence of E on far-red illumination is barely known. The only observations on this dependence seem to be those of Hoch (5) who measured enhancement in Anacystis in 3, smaller than compensating, far-red illuminations. His results seem too linited to help much in establishing the general shalpe of the surface E (I1, L)).
The function D has not received any explicit attention, andI, cannot be evaluated for most studies because rates (P1, P2, P12) have not been reported along with enhancements (E) . At present it is unclear whetlher D increases as illuminations rise to high levels, or whether it reaches a maximum at very low illuminations, and then remains constant, or even declines, with further increases in illumination. It is worth emphasizing that, whatever its nature, the func- 1 Received Sept. 16, 1963 . 2 The support of the National Science Foundation is respectfully acknowledged. In some experiments with 1 % 2, and always in the absence of 02, the curves were only linear above a limit corresponding to 0.5 to 3 % of saturated rate, and the linear portion extrapolated to a negative photocurrent at zero illumination. This effect is due, we think, to evolved 02, produced at compensating and smaller rates, being consumed within the cells by respiration. In this case, the magnitude of the negative photocurrents, found by extrapolation of the linear part of the curves for no 2, is a measure of the respiratory rate supported by photosynthetically evolved 02. The magnitudes of the negative photo- The preceding explanation of the illumination curves is supported by an analysis of the oxygen concentrations in the electrode maintained by diffusion, provided one makes the plausible assumption that Chlorella respiration is mediated by cytochrome oxidase, the activity of which is saturated by about 10-7 M O., (7) . We assume that in the electrode compart- figure   1 shows that, as far-red illumination increased, the height of the enhancement maximum decreased, while the position of the maximum shifted in such a manner that the ratio P2/P1 (approximately 5) remained approximately constant.
Both the qualitative and approximately quantitative characteristics of E, as found in the 6 best experiments, are summarized in figure 3 
XII
Substituting XII in X and XI leads to expressions for E and D for just-balancing, as well as for higher than balancing, short-wave illuminations:
Separate-Package Hylpothzesis. In this case, one supposes no energy transfer is possible between the pigment system of the short-wave reaction and that of the far-red reaction. As a result, absorbed shortwave quanta, like far-red quanta, are presumably divided in a fixed ratio between short-wave and far-red reactions, the preponderance of short-wave quanta acting in the short-wave reaction. Then the rate of photosynthesis in short-wave light is limited to the rate of the far-red reaction, giving in place of equation VI,
VIa A quantity (2b -1) i. of short-wave quanta are wasted. Evidently, simultaneous short-wave and far-red illuminations again permit a balancing of rates.
With short-wave illumination limiting, the rate (p12) is equal to the rate of the short-wave reaction, and is again given by equation VII. Likewise, at the balance point, p12 is again given by equation VIII.
Short-wave quanta in excess of the quantity needed to balance the far-red reaction will be wasted in the same measure as with short-wave illumination alone.
From equations V, VIa, VII, and VIII, expressions for p12, E, and D are obtained as before: for small p1 and p2, the predicted and experimentally determined surfaces are in good agreement, both with respect to the general shape of the contours as well as to the positions of contours of a given value. However, even with small p1 and P2, the predicted functions are discontinuous along the contour line E = 2.5.
In the spill-over model, this discontinuity reflects the assumption that, with p2 smaller than balancing, short-wave quanta are divided in the ratio b/(1 -b) between the 2 photoreactions, while with p2 greater than balancing, the short-wave quanta in excess of those needed to reach the balance are divided equally between the reactions. To remove the discontinuity, the ratio of division of short-wave quanta could be assumed to change in a continuous fashion as P2/P1 increases. Offhand, it would seem possible that the energy transfer mechanism assumied in the spill-over hypothesis could lead to b being such a function of P2/p1-For the separate package hypothesis, the discontinuity is more difficult to explain, since in this case b and a represent simply the fixed ratios of absorption of the 2 separate pigment systems. Possibly, a plausible explanation could be found in terms of the kinetics of dark reactions associated with the photoreactions.
Sa.turation Effect. Comparison of the experimental and derived functions E and D (figs 3, 4, 5) shows also an important discrepancy in the region of high pl and p2. Specifically, whereas the contours of E of the derived function are everywhere straight lines radiating from the origin, the contours of the experimental function are straight only for low p1 P? Although the discontinuity previously discussed remains, the contours of E and D show curvatures qualitatively similar to those found experimentally. There is, however, an important qualitative discrepancy: enhancements and excess currents of a given value occur at much higher values of P1 and P2 in the experimental surfaces than in those of the model. We think this discrepancy reflects the often-noted (13) observation, corroborated by us, that illumination curves, in the range of low illuminations, are more linear than is a rectangular hyperbola. Evidently the assumed rectangular hyperbolic function over-corrects the simple models without saturation.
The suggested effect of saturation on enhancement would require that the illumination curve of photosynthesis be, in reality, a curve, not a straight line, even at low illuminations. We must ask then whether the experimental errors associated with our illumination curves, previously taken to be linear, could be consistent with an actual curvature sufficient to explain the observed character of enhancement.
In answering this question, we recall first that the illumination curve data, for rates up to 1/3 of saturating, could be fit by a straight line, the average deviation of points from the line being 0.2% of saturated rate. Secondly, we note that, up to 1/3 of saturating rate, the rectangular hyperbola, equation XIX, can be fitted by a straight line, the average deviation of points of the hyperbola from the straight line being essentially 1 % of saturated rate. Then our data could be consistent with an illumination curve, the average curvature of which (over the range 0 to 1/3 of saturating) is about 1/5 that of the rectangular hyperbola. But comparison suggests that the experimental functions E and D are closer to those predicted by the models without saturation than to those of the model with the rectangular hyperbolic light curve. Thus, the slight curvature, which could exist within the limits set by experimental error could essentially account for the differences between the observed enhancement and the enhancement predicted bv the models without saturation.
Summary
Enhancement of photosynthesis of Chlorella pyrenoidosa in far-red (696 myL) and short-wave (482 mIA) illuminations was studied. Both E (the ratio of the rate of photosynthesis supported by far-red in the presence of short-waves to the rate supported by far-red in the absence of short-waves) and D (the excess photosynthesis rate generated in enhancement) were characterized as functions of far-red and shortwave illuminations. By reference to respiratory and saturated photosynthetic rates, the functions E and D were related to the illumination curve of photosynthesis. The magnitude of D, which reached values as high as 0.04 of saturated rate, and the fact that D increased with illumination up to illuminations giving approximately 30 % of saturated rate, demonstrated clearly that enhancement is photosynthetic and not due to light-induced respiratory inhibitions. The essential characteristics of the observed dependences of E and D on illumination are in accord with both the spill-over and separate-package hypotheses of enhancement, with the modifications that A) the distribution of short-wave quanta between the 2 photoreactions is a continuous function of illumination, and B) light saturation of photosynthesis is taken into account.
